Introduction
============

Alzheimer\'s disease (AD) is a neurodegenerative disorder, accounting for 50--70% of all dementia cases and affecting \>12 million individuals worldwide. AD is an age-related neurodegenerative illness characterized by a progressive decline in cognitive functions, and histopathologically by the presence of neuritic plaques containing amyloid-β (Aβ) peptide and neurofibrillary tangles, mostly constisting of hyperphosphorylated Tau protein ([@b1-ijmm-41-01-0242]). AD exists in familial (early- and late-onset) forms, as well as a sporadic form, which is very common, accounting for \~90% of all cases. AD has a complex multietiological origin; however, its exact genetic and environmental causative factors are unknown. Increasing evidence indicates that different processes contribute to neurodegeneration, including mitochondrial dysfunction, oxidative stress and impairment of the autophagic/lysosomal/endosomal system ([@b2-ijmm-41-01-0242],[@b3-ijmm-41-01-0242]). Numerous studies have demonstrated that oxidative stress is one of the initiating events and one of the molecular changes underlying the pathogenesis of AD ([@b4-ijmm-41-01-0242],[@b5-ijmm-41-01-0242]).

Oxidative stress may result from suppression of mitochondrial function. Cytochrome oxidase (COX) is a mitochondrial enzyme that plays an important role in aerobic energy metabolism and mitochondrial function. Mitochondrial abnormalities, particularly of COX, are found in the brains of subjects with AD ([@b6-ijmm-41-01-0242]). The principal toxic action of sodium azide (NaN~3~) is inhibiting the function of COX in the mitochondrial electron transport chain ([@b7-ijmm-41-01-0242]). The model of brain mitochondrial COX inhibition by NaN~3~ was described in rats in an attempt to mimic the morphological and behavioral pathology of AD ([@b8-ijmm-41-01-0242]). The involvement of mitochondrial dysfunction and the consequent overproduction of reactive oxygen species (ROS) is increasingly recognized and widely accepted as an etiopathological factor of AD. The tissue-specific inhibition of COX by NaN~3~ may serve as a useful tool for the evaluation of AD *in vivo* and *in vitro*.

Hydrogen sulfide (H~2~S), is considered as the third most abundant endogenous signaling gasotransmitter following nitric oxide (NO) and carbon monoxide, which affects physiological and pathophysiological processes in a wide range of biological systems ([@b9-ijmm-41-01-0242]). H~2~S is produced endogenously in mammals, including humans. In particular, cystathionine-β-synthase (CBS) in the central nervous system (CNS) and cystathionine-γ-lyase in the cardiovascular system are the key enzymes that are mainly responsible for the endogenous generation of H~2~S ([@b10-ijmm-41-01-0242]). 3-Mercaptopyruvate sulfurtransferase (3- MST) is also known to be a significant producer of endogenous H~2~S in the brain ([@b11-ijmm-41-01-0242]). Increasing evidence demonstrates that H~2~S is associated with AD pathogenesis ([@b12-ijmm-41-01-0242]). The dysfunction of CBS in the transsulfuration pathway may lead to a decrease in H~2~S production in AD ([@b13-ijmm-41-01-0242]). Interestingly, the levels of H~2~S are severely decreased in AD patients; moreover, plasma H~2~S levels are negatively correlated with the severity of the disease in AD patients ([@b14-ijmm-41-01-0242]). Moreover, our previous research demonstrated downregulation of the expression and activity of CBS and 3-MST in neuron-like rat pheochromocytoma (PC12) cells induced by NaN~3~ (data not shown). However, it is not known whether H~2~S has any therapeutic benefits in AD. Therefore, the present study was undertaken to assess the beneficial effects of sodium hydro-sulfide (NaHS), which is an exogenous H~2~S donor, on the underlying cellular and molecular mechanisms in neuronal cells treated with NaN~3~.

The characteristics of neuronal damage induced by NaN~3~ treatment were first investigated. The neuroprotective activity of H~2~S and its effect on oxidative stress were also investigated in PC12 cells with neuronal damage induced by NaN~3~. To the best of our knowledge, this is the first study to demonstrate that H~2~S can suppress NaN~3~-induced oxidative stress and apoptosis in PC12 cells. This study was conducted to gain better insight into the physiological functions of H~2~S under normal and injury conditions, and its association with the cellular and molecular mechanisms underlying nervous system disease.

Materials and methods
=====================

Cell culture
------------

Rat pheochromocytoma PC12 cells were obtained from the Shanghai Institute of Cell Biology, Chinese Academy of Sciences (Shanghai, China). PC12 cells were grown on polystyrene tissue culture dishes in DMEM containing 10% horse serum and 5% fetal bovine serum (FBS; Sijiqing Biological Engineering Materials Co., Ltd., Hangzhou, China), supplemented with 2 mmol/l glutamine, 100 *μ*g/ml streptomycin, and 100 U/ml penicillin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37°C with 95% air, 5% CO~2~. Prior to differentiation, the medium was exchanged twice a week and the cultures were subcultured at a ratio of 1:4 once a week. For differentiation, the cells were washed and incubated in a fresh medium containing nerve growth factor (NGF; final concentration, 50 ng/ml) for 48 h at 37°C in a cell incubator. The concentration of NGF was maintained throughout all experiments. All the experiments were performed on cells between passages 3--8.

Cell injury model
-----------------

The injury model was constructed as follows: briefly, the DMEM was removed, PC12 cells were washed twice with glucose-free Earle\'s balanced salt solution (EBSS) at pH 7.5, and maintained in glucose-free DMEM without FBS. Subsequently, neurotoxic damage was induced by adding the indicated concentration of NaN~3~ to the cultured cells for different periods of time. The cells were preincubated with the indicated concentrations of NaHS (donor of H~2~S) for 30 min prior to NaN~3~ treatment and maintained throughout the entire experiment. NaHS was dissolved in saline and was freshly prepared immediately prior to use. The stock solutions were directly added into the bath solution to achieve the final concentration. Control cultures were maintained in DMEM for the same duration under normoxic conditions. The concentrations of all the reagents were maintained throughout the injury period.

Determination of cell viability
-------------------------------

The viability of PC12 cells was determined using the Cell Counting Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Inc., Kumamoto, Japan), according to the manufacturer\'s instructions. PC12 cells were cultured in 96-well plates at 37°C under an atmosphere of 5% CO~2~ and 95% air. At the end of treatment, CCK-8 reagent (10 *μ*l) was added to each well and the plates were then incubated at 37°C for 3 to 4 h in the incubator. Absorbance at a wavelength of 450 nm was measured with a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The means optical density (OD) from 6 wells in the indicated groups were used to calculate the cell viability, which was expressed as a percentage of cell survival rate compared with the control. All the experiments were performed in triplicate and repeated three independent times.

Determination of mitochondrial membrane potential (MMP)
-------------------------------------------------------

MMP was examined by staining PC12 cells with JC-1. Staining was performed using 2.5 mg/ml JC-1 at 37°C for 15 min. After staining, cells were rinsed three times with phosphate-buffered saline (PBS). A confocal laser scanning microscope was used to measure MMP using the JC-1 assay kit (C2006; Beyotime Institute of Biotechnology, Haimen, China). Under the microscope, images of different color were obtained. Green fluorescence indicated cells with low MMP (Δψm), revealing that JC-1 maintains (or reacquires) monomeric form, while red fluorescence indicated cells with high Δψm. The relative proportions of red and green fluorescence were used to measure the extent of mitochondrial depolarization.

Intracellular ROS measurement
-----------------------------

Production of intracellular ROS was determined using the fluorescent probe dichlorofluorescin diacetate (DCFH-DA), which can cross cell membranes and is subsequently hydrolyzed by intracellular esterase to non-fluorescent DCFH (Beyotime Institute of Biotechnology). Following treatment with NaN~3~ for 12 h in the presence or absence of 200 mM H~2~S, the culture medium was changed to fresh DMEM containing 10 *μ*M DCFH-DA for 30 min in an incubator at 37°C in the dark. After washing three times with PBS, the cells were observed under a fluorescence spectrophotometer with an excitation wavelength of 488 nm and an emission wavelength of 535 nm.

Measurement of lipid peroxidation
---------------------------------

Malondialdehyde (MDA), a terminal product of lipid peoxidation, was measured to estimate the extent of lipid peoxidation in PC12 cells. The cells were then homogenized in lysis buffer \[1% NP-40, 50 mmol/l Tris, pH 7.5, 5 mmol/l EDTA, 1% sodium dodecyl sulphate (SDS), 1% sodium deoxycholate, 1% Triton X-100, 1 mmol/l phenylmethanesulfonylfluoride, 10 *μ*g/ml aprotinin, and 1 *μ*g/ml leupeptin\] and clarified by centrifuging for 20 min in a microcentrifuge at 4°C. MDA concentration in cell homogenates was determined with an MDA assay kit (S0131; Beyotime Institute of Biotechnology), using the thiobarbituric acid method. The assay was based on the ability of MDA to form a conjugate with thiobarbituric acid and create a red product, which has maximum absorbance at 532 nm.

Western blot analysis
---------------------

The cells were then homogenized in lysis buffer (1% NP-40, 50 mmol/l Tris, PH 7.5, 5 mmol/l EDTA, 1% SDS, 1% sodium deoxycholate, 1% Triton X-100, 1 mmol/l phenylmethanesulfonylfluoride, 10 *μ*g/ml aprotinin, and 1 *μ*g/ml leupeptin) and clarified by centrifuging for 20 min in a microcentrifuge at 4°C. Following determination of its protein concentration with the Bradford assay (Bio-Rad Laboratories, Inc., Hercules, CA, USA), the resulting supernatant (50 *μ*g of protein) was subjected to SDS polyacrylamide gel electrophoresis. The separated proteins were transferred to a polyvinylidine difluoride membrane (Millipore, Billerica, MA, USA) by a transfer apparatus at 90V for 1 h. The membrane was then blocked with 5% non-fat milk and incubated with primary antibody against caspase-3 (1:500, cat. no. BS1518) and Bcl-2 (1:500, cat. no. BZ00479) (both from Bioworld Technology, Inc., St. Louis Park, MN USA) or GAPDH (1:1,000, cat. no. G8795; Sigma-Aldrich; Merck KGaA, St. Louis, MO, USA). After incubating with an anti-rabbit or anti-mouse horseradish peroxidase-conjugated secondary antibody, protein was visualized using an enhanced chemiluminescence system (ECL; cat. no. 32106; Pierce; Thermo Fisher Scientific, Inc., Bellefonte, PA, USA).

Immunofluorescence analysis
---------------------------

Immunofluorescence analysis was performed as follows: the PC12 cell in a 24-well plate were fixed with 4% paraformaldehyde for 15 min at room temperature and washed with PBS three times, for 10 min each time. After the cells were prepared, they were blocked with 5% donkey serum (Gibco; Thermo Fisher Scientific, Inc.) with 0.3% Triton X-100 and 5% bovine serum albumin (BSA) for 2 h at room temperature and incubated with rabbit polyclonal primary anti-caspase-3 antibodies (1:50, cat. no. ab13847; Abcam, Cambridge, UK). Briefly, the cells were incubated with the primary antibodies overnight at 4°C, followed by a mixture of fluorescein isothiocyanate-conjugated secondary antibodies for 2 h at room temperature, then washed with PBS three times, for 10 min each time. Finally, the samples were mounted with coverslips using antifade mounting medium (Beyotime Institute of Biotechnology) and observed under a fluorescence microscope (Eclipse Ti-S; Nikon, Tokyo, Japan). At least three random slides from each group were examined.

Statistical analysis
--------------------

All statistical analyses were conducted with SPSS statistical software 16.0 (SPSS, Inc., Chicago, IL, USA). All the values are expressed as means ± standard error of the mean. The statistical significance of differences between groups was determined by one-way analysis of variance followed by Tukey\'s post hoc multiple comparison tests or Student\'s t-test (two means comparison). P\<0.05 was considered to indicate statistically significant differences. Each experiment consisted of at least three replicates per condition.

Results
=======

NaN~3~ is cytotoxic to PC12 cells
---------------------------------

Cell cytoxicity was evaluated by the CCK-8 assay following incubation of PC12 cells with increasing concentrations of NaN~3~ from 5 to 100 mmol/l at 1, 3, 6, 12, 18 and 24 h. As shown in [Fig. 1A](#f1-ijmm-41-01-0242){ref-type="fig"}, at concentrations of 5--100 mmol/l, treatment of PC12 cells with NaN~3~ for 12 h led to a concentration-dependent reduction in cell viability. The results demonstrated that the general trend of cell survival rate decreased with increasing treatment time ([Fig. 1B](#f1-ijmm-41-01-0242){ref-type="fig"}).

H~2~S protects PC12 cells against NaN~3~-induced cytotoxicity
-------------------------------------------------------------

To investigate the effect of H~2~S on NaN~3~-induced cytotoxicity, cell viability was analyzed by determining the percentage of CCK-8 reduction. As shown in [Fig. 2](#f2-ijmm-41-01-0242){ref-type="fig"}, treatment with NaN~3~ at concentrations of 30 mmol/l for 12 h attenuated cell viability. The cytotoxic effects of NaN~3~ on PC12 cells were significantly prevented by pretreatment with NaHS at 100--200 *μ*mol/l for 30 min. At 200 *μ*mol/l, NaHS alone did not measurably affect the viability of PC12 cells.

H~2~S exerts a protective effect against NaN~3~-induced dissipation of the mitochondrial membrane potential
-----------------------------------------------------------------------------------------------------------

To confirm that NaN~3~ induced a mitochondrial membrane potential reduction in PC12 cells, laser microscopy was used to visualize the fluorescence dye-stained mitochondria. When PC12 cells were exposed to NaN~3~, the mitochondrial membrane rapidly depolarized, as shown by the increase in green fluorescence ([Fig. 3C](#f3-ijmm-41-01-0242){ref-type="fig"}). Pretreatment with NaHS reduced the changes in mitochondrial membrane potential, as indicated by repression of green fluorescence and restoration of red fluorescence ([Fig. 3D](#f3-ijmm-41-01-0242){ref-type="fig"}). The quantitative analysis of the red/green ratios also demonstrated the protective role of H~2~S in NaN~3~-induced a mitochondrial membrane potential reduction ([Fig. 3E](#f3-ijmm-41-01-0242){ref-type="fig"}).

H~2~S reduces NaN~3~-induced intracellular ROS accumulation in PC12 cells
-------------------------------------------------------------------------

The mitochondrion is considered to be the main site of ROS production, and an increased ROS level within the cell reflects mitochondrial dysfunction. Therefore, the effect of H~2~S on ROS levels was investigated. *N*-acetyl-L-cysteine (NAC) is commonly used to identify and test ROS inducers and to inhibit ROS as a positive control. Intracellular ROS accumulation may be measured by the use of DCF-DA, which freely crosses the cell membrane. Once inside the cells, the compound is hydrolyzed by cellular esterase to DCF, which interacts with peroxides forming fluorescent 2′,7′-dichlorofluorescin. PC12 cells treated with NaN~3~ displayed intense fluorescence after staining with DCF dye ([Fig. 4C](#f4-ijmm-41-01-0242){ref-type="fig"}). Intracellular ROS accumulation resulting from NaN~3~ treatment was significantly reduced when H~2~S ([Fig. 4D](#f4-ijmm-41-01-0242){ref-type="fig"}) or NAC ([Fig. 4E](#f4-ijmm-41-01-0242){ref-type="fig"}) was present in the medium.

H~2~S attenuates NaN~3~-induced lipid peroxidation increase in PC12 cells
-------------------------------------------------------------------------

When PC12 cells were exposed to NaN~3~ (30 mmol/l) for 12 h, an increase in the lipid peroxidation level, as indicated by the excessive formation of MDA in PC12 cells, was observed to 150% of control values ([Fig. 5](#f5-ijmm-41-01-0242){ref-type="fig"}). Pretreatment with H~2~S at concentrations of 200 *μ*mol/l significantly decreased lipid peroxidation (decrease in the formation of MDA) compared with the levels observed in the NaN~3~ group.

H~2~S suppresses NaN~3~-induced apoptosis in PC12 cells
-------------------------------------------------------

To certify the effects of H~2~S on NaN~3~-induced apoptosis, the following studies were performed: caspase-3 is a critical marker of apoptosis. To determine the effects of NaN~3~ on cell apoptosis and the response of H~2~S to the effects of NaN~3~, the levels of caspase-3 and Bcl-2 expression were measured by western blot analysis. As illustrated in [Fig. 6](#f6-ijmm-41-01-0242){ref-type="fig"}, 12-h treatment with NaN~3~ (30 mmol/l) significantly increased the amount of caspase-3 expression ([Fig. 6B](#f6-ijmm-41-01-0242){ref-type="fig"}), but decreased Bcl-2 expression ([Fig. 6C](#f6-ijmm-41-01-0242){ref-type="fig"}). However, co-treatment with 200 *μ*mol/l NaHS for 12 h significantly abolished the NaN~3~-induced decrease in Bcl-2 expression and increase in caspase-3 expression. These results indicate that H~2~S is able to block the NaN~3~-elicited downregulation of Bcl-2 expression and upregulation of caspase-3 expression. In addition, we observed the effect of NaHS on autophagic cell death in PC12 cells treated with NaN~3~ by caspase-3 staining. As shown in [Fig. 7](#f7-ijmm-41-01-0242){ref-type="fig"}, at 12 h after treatment with NaN~3~ (30 mmol/l), the number of caspase-3-positive cells observably increased. Co-treatment with NaHS (200 *μ*mol/l) significantly ameliorated the NaN~3~-induced increase of caspase-3-positive cells. The control and NaHS-treated groups displayed few caspase-3-positive cells.

Discussion
==========

Endogenous H~2~S may have multiple physiological functions in the brain. Our previous study demonstrated that H~2~S improved spatial memory impairment and alleviated cerebral edema in traumatic brain injury (TBI) mice ([@b15-ijmm-41-01-0242],[@b16-ijmm-41-01-0242]). A number of epidemiological studies provided compelling evidence that sustaining a TBI is associated with increased risk for degenerative conditions that may result in dementia, including AD; however, several of the underlying mechanisms have yet to be fully elucidated. A complex disease such as AD involves multiple interwoven pathways leading to neuronal damage, whereas increasing evidence suggests that oxidative stress is one of the initiating events ([@b17-ijmm-41-01-0242],[@b18-ijmm-41-01-0242]). The aim of the present study was to examine the cell damage occurring in cultured PC12 cells when exposed to NaN~3~. Due to its ability to induce oxidative stress through inhibition of the electron transfer between COX and oxygen, this model represents an interesting tool in neurotoxicity studies. However, to the best of our knowledge, no study to date has investigated whether H~2~S can prevent cytotoxicity induced by NaN~3~ in PC12 cells, and whether oxidative stress plays an important role in NaN~3~-induced apoptosis. In the present study, the possible molecular mechanisms underlying the neuroprotective effects of H~2~S against NaN~3~-induced neuron cell injury were investigated. Furthermore, we investigated the connection between the generation of ROS and the activity of caspase-3 in NaN~3~-induced apoptosis in PC12 cells and demonstrated a concentration- and time-dependent reduction of cell viability induced by NaN~3~. Our findings demonstrated that NaHS, a H~2~S donor, attenuated NaN~3~-mediated apoptosis, and the anti-apoptotic action of H~2~S was partly dependent on suppressing the production of ROS and inhibition of caspase-3 activity, and was associated with increasing the expression of the anti-apoptotic protein Bcl-2.

AD is a multifactorial neurodegenerative disorder. Among the numerous contributing factors, cellular stress and, in particular, oxidative stress, have attracted considerable attention, as several studies reported its involvement in AD pathogenesis ([@b19-ijmm-41-01-0242],[@b20-ijmm-41-01-0242]). The evidence of oxidative damage in the postmortem AD brain is quite compelling, with significant accumulation of markers of oxidative damage of lipids, proteins and DNA, increased accumulation of transition metals, such as Fe, Cu and Zn, as well as impaired antioxidant defense ([@b21-ijmm-41-01-0242]). The recent redox proteomics analysis of the postmortem AD brain has demonstrated oxidative damage to key enzymes involved in energy metabolism, neurotransmitter-related proteins, mitochondrial proteins and proteasomal components ([@b22-ijmm-41-01-0242]). Multiple lines of evidence indicate that oxidative stress is an early event in AD, occurring prior to cytopathological changes, and may therefore play a key pathogenic role in the disease ([@b20-ijmm-41-01-0242],[@b23-ijmm-41-01-0242]). Oxidative stress is the production of ROS in amounts exceeding the ability of the body\'s antioxidant systems to counteract their effects ([@b24-ijmm-41-01-0242]). These free radical species, which contain one or more unpaired electrons, act as electron donors, causing oxidation that potentially leads to damage of body macromolecular polymers, such as lipids, proteins and nucleic acids ([@b25-ijmm-41-01-0242]). The most important of all cell targets of ROS are nervous system cells, particularly neurons, which are highly susceptible to the harmful effects of ROS ([@b26-ijmm-41-01-0242]).

NaN~3~, as a COX inhibitor, has been extensively considered as a useful tool to study different pathological conditions. Mitochondrial energy metabolism is suggested to be a determining element for interpreting impaired neuron function, reduced molecular turnover, and enhanced cell death ([@b27-ijmm-41-01-0242],[@b28-ijmm-41-01-0242]). Inhibition of mitochondrial COX has been found to induce cell death in a variety of cells. Sato *et al* reported that SCC131 cells died 48--72 h after NaN~3~ treatment at concentrations more than 5 mM ([@b29-ijmm-41-01-0242]). Lutton *et al* reported that NaN~3~ treatment at a concentration of 1 mM induced necrosis in rat osteoclasts ([@b30-ijmm-41-01-0242]). In those studies, the longest treatment time required to induce cell death was more than 24 h. The reason for this finding may be differences between the types of cells, specifically differential sensitivity of the excretory function or the detoxification function, and the quantity of the mitochondria of the target cells. PC12 cells, which are generally considered to display neuronal-like characteristics, appear to be more sensitive to NaN~3~. To induce oxidative stress in PC12 cells, NaN~3~ concentrations ranged from 1 to 10 mM in several experiments ([@b31-ijmm-41-01-0242],[@b32-ijmm-41-01-0242]). Wang *et al* reported that the viability of PC12 cells treated with 64 mM NaN~3~ for 4 h decreased by 47.8% ([@b33-ijmm-41-01-0242]). Zhang *et al* reported that cultured PC12 cells was incubated with NaN~3~ 20 mM for 3--24 h to induce apoptosis ([@b34-ijmm-41-01-0242]). Increased autophagy was also observed in multiple and distinct experimental injury models ([@b35-ijmm-41-01-0242],[@b36-ijmm-41-01-0242]). We tested the 5-mM concentration of NaN~3~ at 36 h. Although the result of the cell viability assay revealed that NaN~3~ induced cell death, autophagic cell death was not observed under these conditions. However, it is not known whether the role of autophagy is protective or detrimental for neural cell injury. It is possible that the role of autophagy after cell injury is dependent upon the cell\'s capacity to respond to the cumulative burden of damaged or dysfunctional macromolecules and organelles. If the increase in autophagic capacity is insufficient, augmenting autophagy would likely be beneficial. When there is excessive increase in autophagic capacity, inhibiting autophagy may be beneficial. Thus, the role of autophagy may be dictated by whether it is able to meet intracellular demands. The cell viability data were important in order to evaluate whether cells were still physiologically responsive, or if they were likely to be entering the cell death process. Therefore, the overall toxic effects of NaN~3~ was evaluated by monitoring cell viability in PC12 cells. In order to induce cell death in PC12 cells, high concentrations of NaN~3~ (30 mM) were applied in our experiments. Under these more severe stress conditions, when PC12 cell viability is already severely hampered, an accumulation of autophagic cell death was observed ([@b37-ijmm-41-01-0242]). A future study is planned to focus mainly on autophagic cell death in PC12 cells induced by NaN~3~.

Mitochondrial dysfunction induced by NaN~3~ provides a common platform for investigating the mechanisms of neuronal injury, which may prove useful for screening potential protective agents against neuronal death ([@b38-ijmm-41-01-0242]). Hyperoside has the neuroprotective capacity to attenuate NaN~3~-induced apoptosis in PC12 cells ([@b34-ijmm-41-01-0242]). Wang *et al* reported that aloe vera extract exerted a protective effect against mitochondrial functional impairment induced by NaN~3~ in PC12 cells ([@b33-ijmm-41-01-0242]). H~2~S has increasingly been recognized as a gasotransmitter of comparable importance to nitric oxide and carbon monoxide in mammalian systems. Evidence suggests that these gasotransmitters are involved in the origin of life and play key roles in the endosymbiotic events that contribute to the biogenesis and development of mitochondria. In addition to its function as a signaling molecule, H~2~S also acts as a cytoprotectant in neurons and cardiac muscle ([@b11-ijmm-41-01-0242]). The neuroprotective properties of H~2~S have long been observed, leading to extensive research that has been widely reported and continues to attract interest ([@b39-ijmm-41-01-0242]). In a rat model, it was demonstrated that H~2~S exerts a protective effect and diminishes oxidative stress and homocysteine-induced toxicity by its antioxidant properties in the adrenal medulla and smooth muscle cells of the vesicles ([@b40-ijmm-41-01-0242]). This raises the possibility of H~2~S being a possible therapeutic strategy in the treatment of neurodegenerative disorders. To investigate whether ROS are involved in NaN~3~-induced injury, PC12 cells were pretreated with NAC (a ROS scavenger) prior to exposure to NaN~3~. The cell viability data were important in order to evaluate if cells remained physiologically responsive, or if they were likely to be entering cell death. We observed that NaN~3~ induced not only ROS production, but also initiated injury of PC12 cells, including a decrease in cell viability, loss of MMP and caspase-3 activation, as well as an increase in the number of apoptotic cells. These effects were significantly prevented by NAC pretreatment, indicating that NaN~3~-induced neuronal injury is due to its induction of ROS. Exogenously applied free H~2~S is immediately absorbed in a sulfur store as bound sulfane sulfur ([@b41-ijmm-41-01-0242]). H~2~S may be transiently stored and then released when the cells are stimulated. H~2~S is absorbed in brain homogenates more slowly compared with liver and heart homogenates, and the release from brain homogenates is also slower compared with that from liver and heart homogenates ([@b41-ijmm-41-01-0242],[@b42-ijmm-41-01-0242]). Once H~2~S is released from bound sulfane sulfur or from H~2~S-producing enzymes, free H~2~S may remain longer in the brain compared with the liver and the heart. Therefore, considering the slow absorption of H~2~S in the brain, pretreatment with NaHS was selected. Interestingly, it was observed that NaHS (a donor of H~2~S) shared similar neuroprotective properties with NAC with a comparable potency in this experimental model. This may support the ability of H~2~S in: i) inhibiting NaN~3~-mediated protein cytotoxicity; ii) inhibiting NaN~3~-mediated oxidative damage; and iii) inhibiting generation of ROS induced by NaN~3~.

H~2~S is synthesized in a number of different cell types and can easily diffuse without involvement of any transporters. H~2~S is involved in a number of organ-specific functions, such as thermoregulation, modulating myocardial activity and bronchodilation ([@b43-ijmm-41-01-0242]). H~2~S also exerts organ-protective effects in ischaemia, acting as a vasodilator and negative inotrope to reduce blood pressure ([@b44-ijmm-41-01-0242]). A number of studies have investigated the possible benefit of H~2~S in hypertension, and found that H~2~S donor administration significantly reduced blood pressure and oxidative stress in hypertensive mice ([@b45-ijmm-41-01-0242],[@b46-ijmm-41-01-0242]). H~2~S has also been found to play a role in the pathology and treatment of chronic obstructive pulmonary disease. Exogenously supplied H~2~S may counteract the oxidative stress-mediated lung damage that occurs in allergic mice ([@b47-ijmm-41-01-0242]). Low H~2~S levels have been observed in a number of different diseases, while there is evidence that H~2~S may be beneficial in a number of chronic organ degenerative conditions. Chronic kidney disease is associated with a significant reduction in plasma H~2~S concentration, and H~2~S may ameliorate adenine-induced chronic renal failure in rats by inhibiting apoptosis through ROS signaling pathways ([@b48-ijmm-41-01-0242]). Diabetes is a chronic metabolic disease affecting the metabolism of carbohydrates and other nutrients. H~2~S protects against the development of hyperglycemia-induced endothelial dysfunction by attenuating the hyperglycemia-induced enhancement of ROS formation ([@b49-ijmm-41-01-0242]). As regards degenerative diseases of the CNS, H~2~S treatment can specifically inhibit 6-OHDA-evoked NADPH oxidase activation and oxygen consumption in Parkinson\'s disease ([@b50-ijmm-41-01-0242]). Moreover, H~2~S protects neurons against oxidative stress, which is responsible for neuronal damage and degeneration in AD ([@b51-ijmm-41-01-0242]). In conclusion, H~2~S donors have consistently been shown to be beneficial in acute organ injury and in chronic organ pathology through ROS signaling pathways. More specifically, data available thus far strongly suggest that H~2~S may be a potent preventive and therapeutic agent used for the prevention and improvement of the symptoms of oxidative stress-associated diseases, which is worthy of further investigation in future studies.

Although H~2~S exhibited promising efficacy in NaN~3~-mediated cell injury, research is still underway to identify selective oxidative stress regulators as potential treatment drugs. In summary, the evidence presented herein indicates an actively protective role for H~2~S against oxidative stress and apoptosis induced by NaN~3~. Our data may provide a novel pathway to elucidate the underlying molecular and cellular mechanisms in the CNS following inhibition of COX, and a novel strategy for the treatment of CNS diseases. Future studies attempting to characterize the functional consequences of H~2~S under conditions of oxidative stress and the identification of substrates and downstream signaling targets are now possible. Other H~2~S donors, such as drug-like H~2~S donor ATB-346 or orally active H~2~S donor SG-1002, may be used to evaluate the protective effect of H~2~S in injury models in the future. Testing these drug-like H~2~S donors will not only consolidate the protective effect of H~2~S, but also shed light on the clinical application of H~2~S as a therapeutic agent.
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![Concentration- and time-dependent effect of sodium azide (NaN~3~) on cell viability in PC12 cells. (A) PC12 cells were treated with 5, 10, 20, 30, 50 and 100 mmol/l NaN~3~ for 12 h, and cell viability was determined by the Cell Counting Kit-8 (CCK-8) assay. Exposure of PC12 cells to NaN~3~ for 12 h induced a decrease in cell viability in a concentration-dependent manner. (B) PC12 cells were treated for 1, 3, 6, 12, 18 and 24 h with 30 mmol/l NaN~3~, and cell viability was determined by the CCK-8 assay. Exposure of PC12 cells to 30 mmol/l NaN~3~ induced a decrease in cell viability in a time-dependent manner. Columns represent means ± standard error of the mean of viable cells (n=6), and expressed as percentage of control values. ^\*^P\<0.05 vs. control group.](IJMM-41-01-0242-g00){#f1-ijmm-41-01-0242}

![Protective effect of hydrogen sulfide (H~2~S) against sodium azide (NaN~3~)-induced cytotoxicity in PC12 cells. PC12 cells were treated with NaN~3~ (30 mmol/l) in the absence or presence of the H~2~S donor sodium hydrosulfide (NaHS; 50, 100 and 200 *μ*mol/l) for 12 h, and cell viability was then determined by the Cell Counting Kit-8 (CCK-8) assay. Exposure of PC12 cells to NaN~3~ induced a decrease in cell viability. There was no effect on cell viability with NaHS pretreatment at a concentration of 50 mmol/l. With NaHS pretreatment at a concentration of 100 and 200 *μ*mol/l, cell viability following injury increased in a concentration-dependent manner. Values are expressed as mean ± standard error of the mean (n=6). ^\*^P\<0.05 vs. control group; ^\#^P\<0.05 vs. NaN~3~ alone group.](IJMM-41-01-0242-g01){#f2-ijmm-41-01-0242}

![Effect of hydrogen sulfide (H~2~S) on the mitochondrial membrane potential. Laser microscope images of JC-1 fluorescence (as an indicator of mitochondrial membrane potential) in PC12 cells after a 12-h exposure to NaN~3~ alone or in combination with 200 *μ*mol/l sodium hydrosulfide (NaHS). (A) Control, (B) 200 *μ*mol/l NaHS, (C) 30 mmol/l NaN~3~, (D) 30 mmol/l NaN3 + 200 *μ*mol/l NaHS, and (E) the bar chart demonstrates the quantitative analysis of the red/green ratio. The data are expressed as means ± standard error of the mean (n=6). ^\*^P\<0.05, significantly different from the control group; ^\#^P\<0.05, significantly different from the NaN~3~ group. Scale bars, 30 *μ*m.](IJMM-41-01-0242-g02){#f3-ijmm-41-01-0242}

![Protective effect of hydrogen sulfide (H~2~S) on sodium azide (NaN~3~)-induced intracellular reactive oxygen species (ROS) accumulation. Intracellular peroxide levels were determined based on the dichlorofluorescein (DCF) fluorescence, as described in Materials and methods. Cells were plated and grown for 24 h and were then exposed to NaN~3~ in the presence or absence of NaHS. (A) Control, (B) 200 *μ*mol/l NaHS, (C) 30 mmol/l NaN~3~, (D) 30 mmol/l NaN~3~ + 200 *μ*mol/l NaHS, (E) 30 mmol/l NaN~3~ + *N*-acetyl-L-cysteine (NAC), and (F) the bar chart demonstrates the quantitative analysis of median fluorescence intensity (MFI). NAC is commonly used to identify and test ROS inducers, and to inhibit ROS. The data are expressed as means ± standard error of the mean (n=6). ^\*^P\<0.05, significantly different from the control group; ^\#^P\<0.05, significantly different from the NaN~3~ group. Arrows indicate DCF-positive cells. Scale bars, 50 *μ*m.](IJMM-41-01-0242-g03){#f4-ijmm-41-01-0242}

![Effect of hydrogen sulfide (H~2~S) on malondialdehyde (MDA) formation induced by sodium azide (NaN~3~) in PC12 cells. MDA is a by-product of a free radical attack on lipids. PC12 cells were treated with NaN~3~ (30 mmol/l) in the absence or presence of sodium hydrosulfide (NaHS; 200 *μ*mol/l) for 12 h, and MDA was then determined by the thiobarbituric acid assay. Values are expressed as means ± standard error of the mean (n=6). ^\*^P\<0.05 vs. control group; ^\#^P\<0.05 vs. NaN~3~ alone group.](IJMM-41-01-0242-g04){#f5-ijmm-41-01-0242}

![Effect of hydrogen sulfide (H~2~S) on sodium azide (NaN~3~)-induced apoptosis-associated protein expression in PC12 cells. (A) Sample immunological probe for caspase-3, Bcl-2 and GAPDH. The bar chart demonstrates the ratio of caspase-3 or Bcl-2 relative to β-actin for different concentrations of NaN~3~. (B) A 12-h treatment with NaN~3~ (30 mmol/l) significantly increased the amount of caspase-3 expression, but (C) decreased the Bcl-2 expression. However, co-treatment with 200 *μ*mol/l sodium hydrosulfide (NaHS) for 12 h significantly abolished the NaN~3~-induced increase in caspase-3 expression and decrease in Bcl-2 expression. Con, control group. Semi-quantitative analysis (relative optical density) of the intensity of staining of caspase-3 or Bcl-2 to β-actin for different concentrations of NaN~3~. The data are expressed as means ± standard error of the mean (n=3). ^\*^P\<0.05, significantly different from the control group; ^\#^P\<0.05 vs. NaN~3~ alone group.](IJMM-41-01-0242-g05){#f6-ijmm-41-01-0242}

![Effect of hydrogen sulfide (H~2~S) on sodium azide (NaN~3~)-induced apoptosis in PC12 cells. Apoptosis was visualized as staining for caspase-3 in PC12 cells. (A) Control group, (B) sodium hydrosulfide (NaHS) group, (C) NaN~3~ group, (D) NaN~3~ + NaHS group and (E) the bar chart demonstrates the quantitative analysis of caspase-3-positive cells among the groups. The data are expressed as means ± standard error of the mean (n=3). ^\*^P\<0.05, significantly different from the control group; ^\#^P\<0.05 vs. injury group. Scale bars, 50 *μ*m.](IJMM-41-01-0242-g06){#f7-ijmm-41-01-0242}

[^1]: Contributed equally
